during the last two decades, a wide variety of technological fields have been promoted. 1 The impact was immediate and more obvious to the called high-technology applications where the demand for dimensions decrease combined with the novel electronic, optical, magnetic and mechanical properties of nanomaterials resulted in the development of new devices and methods. 2, 3 The expansion of nanotechnology, in these first stages, is mainly referred to the field of electronics and health sciences 4, 5, 6, 7, 8 whereas its incorporation in more traditional fields of technology was limited. For instance, the adoption of nanomaterials in conventional everyday products (clothes, shoes, cosmetics, dyes), industrial, agricultural and environmental protection processes 9,10,11 encounters more skepticism based on the large quantities demands combined with their relatively high cost, the need for redesign and reconstruction of process lines and the uncertainty arising by the fate and the effect of nanomaterials to the direct or indirect environmental receptors. 12, 13, 14, 15, 16 Nevertheless, numerous products nowadays claim their innovation on the addition of nanomaterials which improve their physical properties. In addition, there is a significant and intense research effort on the development and optimization of nanomaterials aiming in antimicrobial or catalytic activities with high potential for environmental applications. 17, 18 The decontamination of flue gases from heavy metals and aromatics, 19, 20 the treatment of municipal and industrial wastewater for the removal of various pollutants 21, 22 and the purification of drinking water 23, 24 or recirculating blood 25, 26 are the major sections of investigation. Among them, the treatment of natural water for drinking purposes appears as the most challenging field directly dealing with human nutrition and health. 27 In this field, any applied method should also comply with the extremely low pollutants concentrations met in natural water and the strict international legislation for human health and environmental safety. In particular, nanomaterials have been tested as media for purification, disinfection, removal of heavy metals, degradation of organic compounds and pharmaceuticals. 28, 29, 30, 31 Since the beneficiary use of nanomaterials in drinking water treatment is considered as an achievement of high importance, they should be designed to maintain the highest possible specific surface area in order to maximize surface reactivity, effective contact and uptake capacity. For this reason, the class of engineered nanoparticles, and more specifically, inorganic nanoparticles which combine relatively enhanced purification properties and high stability in water, should be preferred for water treatment. Inorganic engineered nanoparticles optimized for water treatment usually act as reaction catalysts causing the degradation, oxidation and reduction or as adsorbents which form strong bonds with specific compounds in a non-reversible way. Therefore, apart from the requirement for high surface area, the selectivity of nanoparticles for specific water purification processes should stand on the chemical affinity, the surface charge density and the electron transfer ability. However, the main drawbacks for nanoparticles use in water treatment are not directly related to their efficiency but to technical, economical and safety limitations which complicate the replacement of conventional methods.
This review presents the recent laboratory research related to the application of engineered nanoparticles consisting of inorganic phases in water treatment and their classification in the fields of heavy metal removal, antimicrobial activity and organic compounds degradation. Reported results are discussed not only according to their potential for application in different drinking water treatment processes but also from a critical consideration of the possibility to scale-up in technologically viable methods and become competitive to existing techniques and conventional materials. As one of the main limitations in the effort to evaluate the efficiency of nanomaterials from different authors is the absence of a unified procedure that enables direct comparison of results, this work suggests an experimental methodology working with reliable conditions and parameter ranges of drinking water treatment and generating proper indices for the validation of performance.
Synthesis methods of nanoparticles
A wide variety of methods have been used to produce nanoparticles based on traditional and modern chemical or mechanical procedures. Chemical methods usually generate nanoparticles in dispersions following the gradual size increment of small nuclei after the deposition of atoms or ions released by a chemical reaction (bottom-up). 32 Nanoparticles are formed as a result of oversaturation of soluble phases when a change in their solubility occurs. Depending on the source of solubility modification, chemical methods are classified in precipitation (acidity variations), 33 thermal decomposition (high temperatures), 34 solvothermal (high pressure), 35 sonication (supersonics) 36 and electrodeposition (redox potential). 37 On the opposite, in mechanical preparation routes, nanoparticles are obtained after splitting large-dimension materials in smaller units (top-down). High-energy ball-milling is the main mechanical preparation method for size reduction and preparation of single-or multiple-phase nanoparticle systems. 38 Finally, spray techniques may produce nanoparticles in the vapor phase by thermal or laser assisted chemical reactions. 39 In general, structural and chemical stabilization of nanoparticles are the most important requirements for a successful synthetic approach. The existence of such features ensures high surface-to-volume ratio, sufficient resistance against phase changes (e.g. oxidation) and appearance of nanoscale effects. For this reason, high quality nanoparticles preparation methods are usually based on the use of surfactants or inorganic coatings to ensure good isolation and a series of size separation and classification procedures to minimize polydispersity. However, most of these processes are not compatible to environmental applications, being even less compatible to water purification for drinking purposes.
As already mentioned, due to the high volumes of water to be treated, water purification demands proportionally high availability in nanoparticle quantities when those are qualified for the application. Therefore, the preparation cost for nanoparticles may dominate the overall cost of the treatment process. This implies that synthesis methods based on expensive reactants or working at high temperatures are not so favorable. In addition, the high toxicity and the incompatibility to aqueous processes is a serious drawback for the adoption of methods using organic metal precursors, reactants or solvents. It should be mentioned that in terms of industrial production, the accomplishment of strict environmental conditions does not only concern the obtained nanoparticles and their application in water treatment but their large-scale production line as well.
Since water treatment reactions usually take place in active sites on the surface of the solid, another limitation in the preparation approach is related to the need for keeping the surface free of surfactants or coating layers which are usually employed to isolate or protect nanoparticles. On the contrary, the formation of nanoparticles without surfactants facilitates agglomeration anda consequentloss in effective specific surface area. Such restrictions indicate that in principle only low-cost, easily scalable, aqueous compatible and potentially environmentally friendly methods may provide nanoparticles suitable for water technology. According to previous analysis, it is concluded that chemical precipitation and mechanical size reduction should be initially considered and developed to obtain nanoparticles for water treatment. More expensive methods should be followed for secondary and selective stages when small quantities of nanoparticles are required.
Applications in water treatment

Removal of heavy metals
The presence of heavy metals in aqueous systems is considered a major worldwide problem related to many harmful effects on the health of humans and other life forms. 40, 41, 42 The main threats are associated with the consumption of elements such as arsenic, lead, chromium, mercury, antimony, cadmium and nickel some of which appear in the form of soluble oxy-ions in natural water. Traditional removal methods for heavy metals are classified as relatively selective (chemical coagulation/filtration, adsorption) and nonselective (nanofiltration, reverse osmosis). Among these methods, adsorption is considered as a one of the most promising methods because metal-loaded adsorbents are more compact and generally form stronger bonds. For this reason, the use of consumable adsorbents is nowadays the dominant trend, since it is the simplest removal method. The qualification of the proper adsorbent for an individual heavy metal is based on a number of conditions defined by the uptake mechanism of its species. High chemical affinity, stabilization of positive or negative surface charge and incorporation of ion or electron exchange potential are described as possible directions of optimization. A large variety of nanostructured materials, usually in the form of inorganic engineered nanoparticles, has been studied as adsorbents for the removal of heavy metals. The main research efforts concern the use of inorganic nanoparticles such as zero-valent iron (ZVI), iron oxides (Fe 3 O 4 , γ-Fe 2 O 3 ) and oxy-hydroxides (FeOOH), some other metal oxides (Al 2 O 3 , TiO 2 , MnO 2 , ZrO 2 , ZnO, MgO, CeO 2 ) and metals or alloys (Au, Ag, Pd). Few of them were already promoted as commercial products in water treatment technology. The goal of this process is the reduction of residual concentration below the regulation limit set by international organizations. Depending on the established risk of each heavy metal, its concentration must comply with a different tolerance limit. For instance, the regulation limit for arsenic in E.U. countries is 10 μg/L while the corresponding one for mercury is 1 μg/L. 43 Iron-based nanoparticles are the most widely applied systems for the uptake of heavy metals in water. 44 The combination of properties like chemical affinity to targeted oxy-ions, surface charge and redox potential together with their stability and low-cost enable their use for various cases. In addition, the magnetic behavior of phases such as Fe 3 O 4 , γ-Fe 2 O 3 and ZVI facilitates their recovery after application. In particular, ZVI nanoparticles are studied for their potential to work as an agent which catalyzes the reduction of some heavy metal forms to a lower oxidation state. For instance, this approach is important in the case of hexavalent chromium where its reduction to the trivalent form results in the separation of Cr as insoluble hydroxides. 45 However, the main drawbacks of nanoscale ZVI are the release of soluble iron ions and its susceptibility in surface oxidation. To overcome the latter issue, a protective layer for iron nanoparticles surface was employed. Chitosan-coated ZVI nanoparticles were reported for their potential to remove Cr(VI) from water by its reduction to Cr(III) and the simultaneous formation of a precipitate with Fe(III). 46, 47 Carboxymethyl cellulose, polyphenols and starch were also mentioned as stabilizers for ZVI nanoparticles oriented to Cr(VI) uptake 48, 49, 50, 51 whereas particles supported on carbon nanotubes or graphene were also reported in an effort to avoid their aggregation. 52, 53 Another way to protect nanoscale ZVI and preserve its reducing ability for Cr(VI) was by their preparation into orange peel pith in sizes 20-80 nm 54 or shear-thinning gels of xanthan gum. 55 The coating of ZVI nanoparticles by a thin layer of another metal or the incorporation of bimetallic systems were also tested. ZVI nanoparticles coated by Ag or Cu were found to enhance their stability against corrosion 56, 57 whereas the galvanic coupling of Fe with Ag, Pd, Ni, Al, Cu, Co or Zn is able to increase reduction rate of Cr(VI). 58 Magnetite-stabilized ZVI nanoparticles also promote the increase of Cr(VI) reduction reaction. 59 Nevertheless, very stable uncoated Fe nanoparticles at the size range 45-80 nm with significant Cr(VI) removal capacity at low concentrations were prepared by physical vapor deposition using solar beam. 60 Low-cost ZVI nanoparticles prepared by scrap iron and steel pickling waste liquor were also suggested as an alternative for the complete removal of Cr(VI) from water. 61, 62 In general, the high reactivity of ZVI nanoparticles explains the improvement of efficiency and kinetics in Cr(VI) removal compared to granular ZVI 63,64 though specific interferences may play an important role. 65 For this reason, ZVI nanoparticles are promoted for the remediation of polluted groundwater. 66, 67, 68, 69 Integrated systems for large-scale environmental remediation based on nanoscale ZVI have already become commercially available. Nanofer25 produced by NanoIron has been tested for the removal of Cr(VI), U(VI) and chlorinated hydrocarbons from contaminated soil and groundwater. 70 The reduction potential of ZVI nanoparticles has been also reported for the uptake of U(VI) and Se(IV) from water. 71, 72, 73 Zero-valent iron in the form of nanoparticles is examined for the treatment of a variety of other heavy metals. Arsenic removal is favored after taking its surface oxidation and corrosion as an advantage for the adsorption of As(III) and As(V). During water treatment, ZVI gets oxidized forming in situ oxy-hydroxides and oxides with enhanced surface area, charge density and reactivity (Fig. 1) . Nanoscale ZVI was used as synthesized, 74 embedded on activated carbon, bentonite or chitosan nanospheres 75, 76, 77 or surface modified by sodium dodecyl sulfate 78 or humic acid. 79 The mechanisms of adsorption under various pH conditions, the gradual modification of ZVI during the process and the possible interferences have been reported separately for As(III) and As(V). 80, 81, 82, 83 The treatment of As-polluted groundwater under aerobic and anaerobic conditions was also investigated. 84 Iron oxide nanoparticles may also provide reducing properties like those of ZVI, but also surpass the drawback of soluble iron release. At the same time they present higher stability against structural and chemical transformation while their chemical affinity to many heavy metal oxy-ions is significant (Fig. 1) . The last characteristic is important for adsorption processes where pollutants may form covalent bonds through oxygen bridges and be captured in a non-reversible way. In addition, magnetite (Fe 3 O 4 ) and maghemite (γ-Fe 2 O 3 ) nanoparticles provide the opportunity for their recovery and handling in water systems due to their magnetic response. Arsenic removal is the most studied case of magnetic iron oxides application in water treatment. The efficiency of oleic acid-coated Fe 3 O 4 nanoparticles for the uptake of As(III) and As(V) was examined for various sizes in the range 12-300 nm. 102 In these studies, the adsorption capacity was getting higher following the decrease in the dimensions of nanoparticles. Such observation should be related to the increase of specific surface area but also to the easier oxidation of nanoparticles surface to γ-Fe 2 O 3 which is more efficient to arsenic adsorption than Fe 3 O 4 . The same group suggested the recovery of used nanoparticles using a column high-gradient magnetic separator. 103 In an effort to overcome the high preparation cost of nanoparticles in these studies, an alternative method for the synthesis of low-cost and environmentally friendly magnetite nanoparticles based on everyday ingredients was examined. 104 However, the coating of Fe 3 O 4 by organic surfactants was found to inhibit the adsorption process. In particular, 30 nm magnetite nanoparticles prepared by surfactant-assisted ball-milling were inefficient to reduce As(III) and As(V) concentrations below 200 μg/L. 105 The same work indicated that hematite-coated Fe 3 O 4 may combine improved arsenic removal capacity and the required magnetic properties for their easy recovery. Similar conclusions were obtained for nanocrystalline magnetite produced by a mechanical process and tested as arsenic adsorbent. 106 A series of publications deals with the kinetic of arsenic adsorption on magnetite or mixed magnetite/maghemite nanoparticles, the role of particle concentration, pH and interfering ions in the process. Results suggest that As(III) and As(V) adsorption follows a first-order rate equation slightly affected by the ionic strength and temperature while efficiency is presented to be almost constant in the pH range 6-8 of typical natural water sources, reaching its maximum values below pH 4. 107, 108, 109 As observed for magnetite/maghemite mixed nanoparticles, contact time and initial arsenic concentration determine the spontaneous adsorption process which requires at least 3 h to reach equilibrium. 110 Among the various interferences tested, only phosphate and nitrate ions at relatively high concentrations may significantly inhibit the adsorption of arsenic on magnetite nanoparticles. 111, 112 Several efforts were focused on the preparation of functionalized or composite magnetite nanoparticles. Graphene oxide modified with magnetite and MnO 2 nanoparticles was used as an equally efficient adsorbent for both As(III) and As(V) providing high surface area and magnetic properties. Maghemite has a similar crystal structure to magnetite, but the fact that iron appears exclusively as Fe 3+ and the frequent stabilization of its nanoparticles at smaller dimensions explains its higher affinity to As(V). 123 Electrochemically synthesized γ-Fe 2 O 3 nanoparticles with sizes 11-23 nm indicated an endothermic As(V) adsorption limited by the mass transfer of As(V) and described by a pseudo first-order model. 124 An enhancement in the removal efficiency was observed at lower particle dimensions (6 nm) where the oxidation of As(III) was favorable. 125 Furthermore, the adsorption stability of arsenic on maghemite nanoparticles was demonstrated. 126 Nanoparticles consisting of magnetic iron oxides have been widely tested for Cr(VI) removal. An overall study on the potential of Fe 3 O 4 nanoparticles to be incorporated in drinking water technology was recently reported. 127 Results indicate that magnetite nanoparticles may combine sufficient cost, chemical stability, improved Cr(VI) reduction ability and environmental safety after use. An integrated system for the treatment and magnetic recovery of the nanoparticles was also suggested. Preliminary adsorption kinetics of the process at various temperatures were presented elsewhere. 128 Removal of Cr(VI) by mixed magnetite-maghemite nanoparticles is an endothermic process which follows an oxidation-reduction mechanism revealed by Raman and X-ray photoelectron spectroscopy measurements. 129 Such systems have been also prepared on-site by an electrocoagulation process using iron electrodes into the polluted water. 130 Adsorption of Cr(VI) on maghemite nanoparticles occurs by two steps: external surface diffusion followed by intra-particle diffusion. 131 The effect of pH, temperature, initial concentration and the presence of coexisting ions were examined in ref 132 . Equilibrium could be reached even after 15 min of contact. A number of publications describe modified magnetite nanoparticle systems applied for Cr(VI) removal. Engineered biogenic magnetite nanoparticles proposed for a remediation process 133 showed a high ability to reduce Cr(VI) in its trivalent nontoxic form which is stabilized in a spinel layer of the iron oxide. 134 Additional studies discussing the efficiency of chitosan-coated 135, 136 or humic acid-coated 137 191, 192 Non-magnetic iron oxides and hydroxides are another interesting class of nanoscale materials for the removal of heavy metals from water. Hematite (α-Fe 2 O 3 ) nanoparticles were reported for their adsorption ability against bivalent ionic forms of heavy metals including Zn 2+ , Cd 2+ , Cu 2+ , Pb 2+ . 177 The mechanism of Zn 2+ adsorption was further investigated by EXAFS spectroscopy revealing the existence of adsorption complexes. 178 Their efficiency was also examined for the removal of U(VI) 179 and As(V). 180 Combinations of hematite nanoparticles with magnetite or scoria were also presented as adsorbents for bivalent heavy metals as well as As(III) and Sb(III). 181, 182, 183 Iron oxyhydroxides and hydrated oxides in the form of granules are the most important category of heavy metal adsorbents in the market. More specifically, the high adsorption efficiency of arsenates (H 2 AsO 4 2-) by iron oxyhydroxides is explained by the affinity of arsenic to iron combined with the positive surface charging obtained after the preparation method. 184 However, only few studies describe the use of these phases as nanoparticles. In some of them, goethite nanoparticles were applied as arsenic adsorbents 185, 186, 187 whereas ferrihydrite, akaganeite, lepidocrocite and hydrated iron oxides were evaluated for similar applications in water purification. 188, 189 Graphene oxide supported schwertmannite nanocomposites were used for the synergistic Sb(V) removal in another case. 190 The preparation of iron oxyhydroxides under controllable slightly acidic conditions and high redox potential in a continuous flow reactor allowed the formation of hollow nanostructures consisting of schwertmannite with enhanced adsorption capacity for As(V). 191 Some of the authors of this review discovered that the incorporation of Mn 4+ in the oxyhydroxide structure provides an oxidizing mediation mechanism which facilitates an equally high removal for As(III) using this Mn-feroxyhyte nanoadsorbent (Fig. 2) . 192, 193 Recently, the corresponding commercial product optimized for arsenic treatment (AquAsZero) became available in the market. 194 The performance of these nanoadsorbents was attributed to the positive surface charge and the ion exchange possibility of arsenic species with adsorbed sulfate ions. 195 The successful removal of Hg 2+ and U(VI) by single iron and binary iron/manganese oxyhydroxide nanostructures was also reported. 196, 197 In this case, the uptake of mercury species is favored by negatively charged adsorbents. Iron sulfide nanoparticles also showed a high potential for the adsorption of mercury as well as Mn 2+ . 198, 199, 200, 201 The ability of manganese oxide (MnO 2 ) to favor intermediate oxidation reactions is an important property especially for the removal of As(III) species. Nanoscale MnO 2 has been tested as a coating agent for modified polyether ether ketone (PEEK-WC) nanostructured capsules 202 and magnetite nanoparticles 203 introducing a high removal capacity for both As(III) and As(V). MnO 2 nanorods combined with maghemite nanoparticles and embedded on a perlite carrier were found efficient for As(V) adsorption. In the same direction, the photocatalytic activity of nanoscale titanium dioxide when exposed to UV radiation was exploited for the removal of various heavy metals (Fig.  3) . 205, 206, 207 Regarding arsenic, nanocrystalline TiO 2 was reported to be an efficient adsorbent for As(V) and a very good photocatalyst for the oxidation of As(III) to As(V) in the presence of oxygen in sunlight. 208 The mechanisms of arsenic species adsorption and the oxidation extent of As(III) have been studied at various pH values. 209 Anatase nanoparticles 20-60 nm were prepared with the sol-gel method and effectively used for the removal of heavy metals, namely Pb 2+ , Cu 2+ and As(III), from water. 210 By a similar preparation route, pure and iron-doped TiO 2 nanoparticles were optimized for arsenic removal under various conditions of air and light. 211 The effect of particle size in the range 6.6-30.1 nm has been reported elsewhere indicating a decrease in efficiency above 15 nm. 212 A partial decrease of photooxidation rate in As(III) was observed as the size increases. Arsenite removal through a simultaneous photooxidation-adsorption process was reported for γ-Fe 2 O 3 /TiO 2 nanoparticles. 213 Remediation of groundwater from organic and inorganic arsenic was also performed by nanocrystalline TiO 2 . 214 The adsorption affinity of TiO 2 nanoparticles with arsenic oxy-ions was studied through the increased accumulation of As(V) in carp fish. 215, 216 In addition, Alizarin red S(ARS)-sensitized colloidal TiO 2 nanoparticles were employed in surface enhanced Raman scattering (SERS) technology to determine Cr(VI) in water. It was found that the strong coupling interaction between the dye molecules and TiO 2 leads to the formation of charge-transfer complexes, therefore yielding a new electronic transition pathway for the charge-transfer process. 217 ) for the treatment of water from As, Cr and Se. 221, 222 Zinc and tin oxide nanoparticles were also mentioned to act as photocatalysts for the removal of Cr(VI). 223 Many other metal oxide nanoparticles have been suggested for heavy metal removal from water at lower occurrences. Nanostructured MgO is an excellent low-cost adsorbent for As(III), As(V) and Cr(VI). 224, 225, 226 ) with sizes 6-10 nm were able to successfully capture As(III) and As(V) in a strong inner-sphere surface complex. 235, 236, 237 The well-known efficiency of granulated alumina in As(III) and As(V) uptake was attempted to be transferred in nanostructured materials. In particular, γ-Al 2 O 3 nanocomposites 238 and alumina-supported ZVI 239 were used for As(V) removal whereas γ-Al 2 O 3 catalyzed by H 2 O 2 showed good performance in the oxidation/removal of As(III). 240 Batch and column tests were performed to validate the potential applicability of CuO nanoparticles in arsenic removal under realistic conditions of groundwater treatment in a flow-through reactor. 241 The kinetic, thermodynamic and adsorption mechanisms in this process were also analyzed. 242, 243 Besides, noble metal nanoparticles have also been widely tested in sensing and taskspecific applications for heavy metals capture from water despite high cost. One of the most important applications of Au nanocrystals in water treatment is the removal of mercury. Pradeep and co-workers reported the use of alumina-supported gold nanoparticles for the removal of Hg through the amalgamation between both metals. 244 An approach for the ultrasensitive selective detection of Hg 2+ and CH 3 Hg + based on fluorescence quenching of gold nanoclusters is reported in ref 245 . Similarly, the speciation between mercury and methylmercury ions was achieved by employing a SERS-sensing platform consisted of a monolayer of mercaptopyridine able to bind with gold nanoparticles anchored onto polystyrene microbeads. The coordination with mercury species took place via the nitrogen of the pyridine moiety in water. 246 Another process based on amalgam formation has been used to eliminate Hg 2+ from both deionized water and natural-like water with citrate-coated Au nanoparticles (Fig. 4) . Although their approach was mainly effective for relatively low Hg concentrations, in certain cases they were able to reduce further the mercury concentration down to the levels specified for drinking water. 247 More recently, a simple, fast and costeffective route to capture Hg was demonstrated in tap water through its amalgamation with Au. Their method was eco-friendly thanks to the use of non-toxic ascorbic acid as a reducing agent for CTAB-coated Au nanostructures. 248 Decontamination of mercury by carbon-coated magnetic Co nanoparticles was also reported. 249 The selective determination of Cr(III) and Cr(VI) in tap water and wastewater was developed by another simple, economical and relatively 'green' method, based on the fluorescence quenching of glutathione-stabilized gold nanoclusters. 250 Palladium-modified titanium oxide nanoparticles have also been described as excellent materials for the removal of most kinds of pollutants from potable water. TiON/PdO nanoparticles displayed a significant photocatalytic activity for the removal of As(III) from water due to the strong optoelectronic coupling between PdO and TiON, using visible light conditions. 251 Pd nanoparticles were also used as catalytic centers for the removal of heavy metals through reduction reactions like in the case of Cr(VI) using formic acid. 
247,262
The remarkable optical properties and high extinction cross-section of Ag nanoparticles allowed them to be used as colorimetric sensors as well as for the removal of toxic ions such as Hg and As species from water. 253, 254, 255, 256, 257, 258, 259, 260 Detection of toxic ions using Ag nanoparticles is based on the functionalization of Nanoparticles with specific molecules that can bind to target ions. 254, 255, 256, 258, 259 For example, mercaptosuccinic acid (MSA) capped Ag nanoparticles supported on activated alumina have been used as an adsorbent for the removal of Hg 2+ ions present in contaminated waters. Hg 2+ ions could be removed from water by amalgamation with metals and by complexation with head groups of the monolayer surface present on nanoparticles, therefore the detection sensitivity depends on the density of functional groups on the surface. In another study, p-phenylenediamine (p-PDA) functionalized Ag nanoparticles were used for the detection of Hg 2+ and Fe 3+ ions in aqueous medium through the aggregation of nanoparticles upon their addition. 261 Furthermore, biomolecules such as DNA (having thymine nucleotides), glutathione and cysteine have also been used as capping molecules to selectively bind with specific ions. 254 For example, Wu et al. reported the preparation of oligonucleotide-functionalized silver nanoparticles for sensitive and selective detection system for Hg 2+ ions via thymine (T) and Hg 2+ interactions. 260 Thymine molecules have strong tendency to interact with Hg 2+ via THg 2+ -T formation and such interaction has been widely investigated in various systems. 257 Similarly, Li et al. reported SERS-based selective detection of As(III) Ions in aqueous media using glutathione functionalized Ag nanoparticles. 255 Upon the addition of As(III), Ag nanoparticles tend to aggregate and the extent of aggregation depends on the concentration of As(III), which can be easily monitored by SERS using a Raman tag 4-mercaptopyridine (4-MPY). Besides, unfunctionalized Ag nanoparticles have also been used to remove Hg 2+ ions through the formation of amalgam. For example, silica spheres decorated with Ag nanoparticles have been used as effective sorbent for the removal of mercury from water via an amalgamation process (Ag 2 Hg 3 ) (Fig. 4b) . 262 
Antimicrobial activity-Disinfection
A variety of inorganic nanoparticles were proved to be toxic against a number of microorganisms. 263, 264, 265, 266 Such biocidal activity could turn into an advantage for antimicrobial processes and disinfection of drinking water. Among all inorganic engineered nanostructures, Ag nanoparticles have drawn a special attention due to their excellent antibacterial and antifungal activity. 267, 268, 269, 270, 271, 272, 273, 274, 275, 276, 277, 278 The main advantage of silver nanoparticles is the combination of high selectivity for specific microorganisms and easy penetration in biological entities due to their small size. Therefore, the relatively high cost of Ag nanoparticles can be counterbalanced by the provided accuracy, efficiency and limitation in byproducts compared to traditional water disinfectants. More particularly, their antimicrobial activity could be applied for the preventive disinfection of drinking water treatment infrastructures (e.g. filters, column beds) or sites with limited sanitation care and high risk of pathogens development (third world countries).
Since ancient times, silver has been widely used for the fabrication of utensils, which allow the preservation of food products and disinfection of water. 279, 280, 281 The high specific surface area provided by nanoparticles and the fact they can penetrate deeper and thus can purify water from pathogens such as bacteria, fungi and viruses, 282 triggered the development of nanoscale research in this direction. 283 Over the years, a great amount of research has been carried out by researchers around the globe to understand the antibacterial activity of zero-valent Ag nanoparticles and Ag + ions and to implement them in broad range of products, including medical devices, food products, clothing, cosmetics, sunscreens, paints and in wastewater treatment plants. For example, Ag nanoparticles have been extensively used in biomedical products for wound dressing, treatment of burns and bacterial infections, diagnostics and surgery. The majority of the Ag nanoparticle-based products that we use in our daily lives is based on their excellent antimicrobial activity. During the last decade, significant research efforts have been devoted toward the development of Ag nanoparticles-based products for the purification of drinking water. 207, 279, 284, 285, 286, 287, 288, 289, 290, 291, 292, 293, 294, 295, 296 In this section, we review the proposed mechanisms for the excellent antimicrobial activity of Ag nanoparticles and recent advances made toward the development of various Ag nanoparticle-based products for drinking water purification. The mechanism behind the antibacterial activity has been well investigated and various mechanistic paths have been proposed. 267, 272, 276 Compared to metal ions, metal nanoparticles have strong tendency to interact with cell surface and pass through cell membrane. In addition, the high surface area of nanoparticles allows to functionalize them with antibodies and target specific cell types in order to inhibit the growth of infected cells without affecting the normal cells. Several studies have shown that the generation of reactive oxygen species (ROS) and oxidative stress cells were the two major mechanisms responsible for the toxicity or antibacterial activity of Ag nanoparticles (Fig. 5) . 272 The presence of Ag nanoparticles leads to the breakage of cell membrane at endocytosis and other parts, through which nanoparticles or ions penetrate into the cells. Subsequently Ag nanoparticles react with other species in cell matrix, such as proteins or glutathione to generate ROS or hydroxyl radicals via Fenton reactions. The excess of generated ROS eventually leads to cell death through the destruction of several species inside cell matrix, as shown in Fig. 5 . 272 For instance, the generated ROS could damage the DNA by the inhibition of cell growth, by the activation of signaling cascades in mitochondrial pathway or by lipid peroxidation. 272 The mechanism of antibacterial activity at the molecular level has been further investigated by the identification of biomolecules in comparison with model compounds through SERS. The SERS results suggest that there is significant interaction of Ag nanoparticles with proteins through metabolic processes of purine. 276 Besides, Li et al.
investigated the mechanism for the antibacterial activity of Ag nanoparticles on Escherichia coli using transmission electron microscopy. 267 They have found that the presence of Ag nanoparticles leads to the destruction of cell membrane and hinders the activity of some enzymes, which cause the bacteria to eventually die.
In general, antibacterial activity of Ag nanoparticles depends on their size, morphology and surface chemistry. 271, 273, 275, 276, 297, 298, 299 Agnihotri et al. have studied the size dependent antibacterial efficiency of Ag nanoparticles of size ranging from 5-100 nm and they found that particles smaller than 10 nm showed significant performance, with the 5 nm particles showing the highest efficiency. 271 They have also found that Escherichia coli MTCC 443 and
Staphylococcus aureus NCIM 5201 were the most and least sensitive strains to Ag nanoparticles respectively regardless of their size. In addition, the surface chemistry of nanoparticles plays an important role in their antibacterial activity as well as toxicity. For instance, Kora et al. studied the antibacterial efficiency of Ag nanoparticles prepared with two natural plant gums (gum ghatti and gum olibanum) against gram-negative and grampositive bacteria and they found that antibacterial efficiency and cytotoxicity of the Ag nanoparticles prepared with gum ghatti was higher than the particles prepared with gum olibanum. 274 In another study, the role of surface chemistry on cytotoxicity of Ag nanoparticles was investigated revealing that the capping molecules, the type of surface facets and sample aging could influence the toxicity of Ag nanoparticles. 297 In addition, the incorporation of Ag nanoparticles into other materials such as graphene oxide, carbon and polymers induced a higher antibacterial efficiency. 270, 300 On this, Bao et al. reported the antibacterial properties of Ag nanoparticle-graphene oxide nanosheet composites against Escherichia coli and Staphylococcus aureus bacterial strains 270 concluding that the composites exhibit higher activity than pure graphene oxide. Similarly, the synthesis of polyvinyl alcohol/aminopropyltriethoxysilane hybrid materials with embedded silver nanoparticles by sol-gel method for antimicrobial applications was reported. 301 The advantage of such composite materials is that they can be easily deposited on ceramic membrane to be used for water disinfection. In addition, optimum amount of Ag could be embedded into hybrid materials in order to reduce the cytotoxicity while preserving the antimicrobial efficiency. For instance, Ag nanoparticles decorated on carbon nanotubes showed effective antibacterial activity to prevent the bacterial growth while they maintained minimum cytotoxicity. 302 As a result of significant efforts from the researchers worldwide, it is very clear that Ag nanoparticles are promising candidates for antibacterial applications. However one should also take into account that the increase in the use of Ag nanoparticles-based products can affect human health due to high cytotoxicity. A recent review by Liu and co-workers explained the mechanism of dose-(low and high) dependent toxic effects of Ag nanoparticles with more emphasis on sublethal effects (low doses). 272 So, it is very important to consider this issue and try to reduce the side effects of Ag nanoparticles-based antibacterial agents.
Over the last decade, significant progress has been devoted to the development of various kinds of Ag nanoparticles-based water purifiers and some of the related products have been commercialized. In order to develop such products, Ag nanoparticles have been incorporated into robust and porous supports, including paper, ceramics, biopolymers, calcium carbonate and carbon. 207, 279, 280, 284, 285, 286, 287, 288, 289, 290, 291, 292, 293, 294, 296, 297, 303 Among all, ceramic materials have been widely used as support material for low-cost point-of-use water purification as they are relatively cheap and easy to prepare. 207, 288, 291, 293, 304 A review by Kim and Van der Bruggen discussed the fabrication and use of nanoparticles in polymeric and ceramic membrane structures for water purification. 207 For example, cylindrical colloidalsilver-impregnated ceramic filters for household (point-of-use) water treatment have been manufactured. 291 The filters were porous (diameters ranging from 0.02 to 15 μm) and they were able to remove nearly 100% bacteria (E. Coli) upon water filtration. Very recently, a porous ceramic tablet impregnated with Ag nanopatches for house-hold water purification was reported. Such ceramic tablets could be dropped into water storage container to release Ag ions that kills bacteria. 293 It was found that the amount of Ag released was repeatable for 10 L of water daily for 154 days and the amount was well below the World Health Organization drinking water standard for silver (0.1 mg/L). Elsewhere, biopolymers have been used as support materials to reduce cytotoxicity effects. A water filter based on biopolymer-reinforced synthetic granular nanocomposites for point-of-use water purification was developed (Fig. 6) . 279 The prepared nanocomposites exhibiting river sandlike properties were easy to prepare in water itself, and constantly release Ag ions. Such composites can effectively remove E. coli, Fe 2+ , Pb 2+ , and As 5+ from water and they have been used to manufacture an affordable water purifier providing clean drinking water at US $2.5/y per family. Besides, cellulose materials have been extensively used as low cost support materials to Ag nanoparticles for water purification. For instance, Dankovich et al. designed low-cost bactericidal paper embedded with Ag nanoparticles for point-of-use water purification (Fig. 6c) . 294 Such paper was used as a water filter and it was able to remove bacteria completely, while the silver release from the Ag Nanoparticles was below 0.1 ppm. Similarly, woven fabric microfiltration membranes embedded with Ag nanoparticles have also been used as water filters. 287 As shown in Fig. 6d , the membranes turn into brown-yellow after the incorporation of Ag nanoparticles. The coated membranes were more hydrophilic showing higher water permeability and 100% removal of bacterial load from drinking water. Besides, Ag nanoparticles could be incorporated into cellulose paper by microwave irradiation (Fig. 6e) . 290 Such paper sheets could be fixed to containers of different models to filter the contaminated water providing excellent antibacterial activity against Escherichia coli and Enterococci faecalis bacteria in deionized water or suspensions (Fig. 6e) . Overall, the reported studies indicate that the supported-Ag nanoparticles can be easily incorporated into drinking water purifiers so as to deliver safe and clean water at low cost. Nevertheless, the large demands in nanoparticles availability and the high microbial loading during disinfection of drinking water still limits Ag nanoparticles either for household (point-of-use) water treatment or when specialized treatment is required.
Fig. 6
Water purification systems using supported Ag nanoparticles into biopolymer-reinforced synthetic granular nanocomposites (a,b), 279 bactericidal paper impregnated with Ag nanoparticles (c), 293 woven fabric microfiltration gravity filter (d), 287 and Ag nanoparticles-doped paper (e). 290 The antimicrobial activity of several other types of nanostructures has been also highlighted. 305 He et al. reported the combination of Au nanoparticles with ZnO ones to form hybrid nanostructures with enhanced photocatalytic and antimicrobial activity. The enhancement effect might be assigned to a higher efficiency of electron transport and charge carrier separation induced by Au nanoparticles. 306 Additionally, the synthesis of Au nanoparticles on the surface of R. oryzae fungus provided active nanoparticles against different bacteria and yeasts being able to absorb organophosphorous pesticides. 307 On the other hand, a colorimetric assay using gold nanoparticles for the fast detection of Salmonella was developed. 308 In another case, Au nanoparticles were decorated on the surface of Fe 3 O 4 @TiO 2 microspheres, enhancing their photocatalytic activity, thus yielding a better ability for organic molecules degradation and antibacterial yield in water. 309 The antimicrobial activity of TiO 2 nanostructures is also widely demonstrated in literature. Alrousan et al. have compared the photocatalytic inactivation rate of Escherichia coli between samples of surface and distilled water using immobilized titania nanoparticle films. The presence of organic and inorganic species at surface water was responsible for a decreased disinfection rate in that case. 310 E. coli was used as a model organism in a systematic study on the toxicity of titania nanoparticles, studying the influence of a range of sizes, crystal structures and water chemistry conditions. 311 In addition to bacteria, virus inactivation in drinking water has also been achieved using TiO 2 -based nanoparticles. More specifically, silica-decorated TiO 2 nanocomposites inactivated the MS2 bacteriophage virus via a simple, low-cost and green photocatalytic process. 312 Actually, a promising antibacterial activity against E. coli was also demonstrated using TiO 2 nanoparticles-decorated cellulose fibers. These paper matrices displayed in addition an excellent photocatalytic performance on the degradation of methyl orange dye. 313 Elsewhere, cellulose acetate membranes were coated with TiO 2 nanoparticles thus forming composite materials able to remove turbidity and color in drinking water in a satisfactory extent. 314 The role of TiO 2 , ZnO and other nanostructure systems as antimicrobial agents in drinking water treatment together with a discussion on the combination of conventional approaches with nanotechnology has been described by Alvarez and colleagues. 264 The combination of Ag with TiO 2 has been reported to often provide excellent nanomaterials with enhanced photocatalytic properties thanks to arising synergistic effects from both components. The use of Ag-doped TiO 2 nanoparticles for the inactivation of MS2, and an increased photocatalytic activity was attributed to a possible synergetic effect between silver and titania. 315 The visible-light-assisted antimicrobial activity of Ag nanoparticles-chitosan-TiO 2 composites was deeply studied, suggesting also some insights on the antimicrobial mechanism taking place. 316 In agreement with the existence of such synergistic effects, Ag-TiO 2 nanoparticles were reported to perform better than their single counterparts in the inactivation of putida and subtilis bacteria, either in the absence or in the presence of light. 317 In fact, the modification of titania nanoparticles with silver as a dopant enables the use of visible light, due to the fact that individual TiO 2 can be photoactivated only in wavelength values below 387 nm. This was also exploited by Younas and colleagues who found that nanoscale 1 % Ag-TiO 2 was very effective on the photocatalysis of E. coli by simply applying visible light. 318 Similar conclusions were deduced by investigating the bactericidal ability of TiO 2 and Ag-TiO 2 prepared by co-precipitation method 319 . In addition, immobilized Ag-TiO 2 nanoparticles onto polystyrene waste were used as cheap and environmentally benign agents for the removal of E. coli and Aspergillus niger together with Cr(VI) and methylene blue from water. 320 Actually, mesoporous anatase TiO 2 modified with Ag nanoparticles was also reported to possess a great and recyclable capacity to degrade Rhodamine B dye and E. coli under UV light irradiation, using relatively low silver concentrations.
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Several iron-based nanoparticles have been studied for their influence in microbe inactivation. Zero-valent iron nanoparticles appeared to be toxic against a number of bacterial cells including gram-negative Escherichia coli, 321 gram-positive Bacillus subtilis, 322 gram-negative Pseudomonas fluorescens, and the fungus Aspergillus versicolor. 323 Their antimicrobial activity lies on the corrosion of particle surface and the release of Fe 2+ ions which reacts with intracellular oxygen and hydrogen peroxide following a Fenton reaction. 324, 325 In some cases, a direct interaction between microorganisms and ZVI particles surface was also observed. 326 The bactericidal effect of ZVI nanoparticles was investigated under reliable natural conditions to evaluate the influence of particles aging, adsorption of polyelectrolytes or natural organic matter and pH variations. 322, 327, 328 Iron oxide nanoparticles were also applied for the inactivation of Staphylococcus aureus 329 and
Escherichia coli. 330 In the last case, the adsorption rates for various particle sizes were examined revealing faster kinetics for larger nanoparticles. Magnetite nanoparticles functionalized by carboxyl, amine and thiol groups were able to capture and remove bacteria from water. 331 Another important kind of nanomaterials known for their antimicrobial properties are some other metal oxide nanoparticles namely CuO, MgO 341 Various synthetic conditions and particles sizes were examined for their role in the bactericidal properties. 342, 343, 344, 345, 346, 347 The selective antibacterial effect against
Campylobacter jejuni was also proved 348 while ZnO nanoparticles present antifungal activity for Botrytis cinerea, Penicillium expansum, 349 Candida albicans 350 and Aspergillus brasiliensi when applied on polyurethane membranes. 351 Photoactivated ZnO nanoparticles suggest a higher antimicrobial potential when exposed to light. 352 Nanocomposites with cellulose nanocrystals were also tested. 353 Finally, commercially available ZnO nanoparticles were evaluated in comparison to Ag and CuO ones for their antibacterial efficiency and found toxic even for the beneficial environmental microbe Pseudomonas putida KT2440. 354 Copper nanoparticles are another class of nanomaterials studied for the antimicrobial and antifungal properties. A variety of representative microorganisms were examined to test the efficiency of Cu nanoparticles whether coated by starch, 355 
Organic pollutants
Common organic pollutants found in natural water are usually of anthropogenic source and include toxic organic compounds as chlorinated and non-chlorinated aliphatic and aromatic molecules, dyes, detergents and surfactants, pesticides, pharmaceuticals, volatile organic compounds (VOCs) and natural organic matter (NOM). Organohalogen pesticides, the most common class of organic contaminants in water, are implicated with several diseases, chronic damages and carcinogenicity. 280 In order to remove pesticides from water, conventional methods like chemical precipitation, chemical oxidation, adsorption on powdered activated carbon and reverse osmosis are widely used. The mechanisms of removal lie on the degradation of pesticide molecules or their separation by adsorption. However, the revealing of the health risks related to organic compounds and the continuous trend for minimizing maximum contaminant levels in the sub-ppb range, raise the need for the development of removal methods with high selectivity and efficiency. The size, the high reactivity and the novel mechanisms introduced by nanoparticles enable their use as a promising technology for future application. Research is focused directly on the successful treatment of organic pollutants by nanoparticles (photocatalysis, degradation, adsorption) as well as on their detection by means of selective nanoparticle forms. An important task that should be always addressed during the treatment of organic compounds is the chemical analysis to detect secondary byproducts that could appear even more toxic. In this case, nanoparticles able to completely degrade initial pollutants or provide adsorption sites for the secondary formed molecules should be preferred. Nanoparticles with photocatalytic properties are first discussed. Monometallic Au nanoparticles were applied in a SERS-based strategy for a fast and selective detection of bisphenol A in river water and Gatorade drink. 364 Besides, pesticides can be also detected and in some cases removed by the use of Au nanoparticles. For instance, a process for the detection of endosulfan, chlorpyrifos and malathion via spectrophotometry using either gold or silver nanoparticles was published. The extraction of that pesticide from water was also feasible through its interaction with the nanoparticle surfaces. 365, 366 In fact, some by-products during the decomposition of pesticides might be more toxic than the initial compound. For this reason, Bootharaju and Pradeep tried to elucidate the degradation mechanism of the pesticide chlorpyrifos by using Au and Ag nanoparticles in either supported or unsupported forms. 367 Au-ZnO nanocomposites prepared by a one-pot protocol exhibited an increased photocatalytic activity for the degradation of cationic and anionic dyes under sunlight irradiation. 368 A special attention concerns antibiotics, as their incomplete removal from wastewaters could affect the microbial communities that occur in water ecosystems. The elimination of the antibiotic chloramphenicol (CAP) in water was achieved by using resin-supported Au-Pd nanoparticles which cleaved the carbon-halogen bond of CAP while keeping the nitro-group unaffected and this resulted in less toxic degradation products. 369 Furthermore, Wong et al. illustrated the ability of bimetallic Au-Pd nanoparticles to act as superior catalysts for the hydrodechlorination of trichloroethene in groundwater. 370 Gold nanoparticles were also combined with magnetic materials aiming to form another class of hybrid materials with improved features for water treatment. For instance, the role of Au shell in Fe 3 O 4 @Au nanoparticles used for magnetic solid phase extraction was to provide a universal intermediate platform for thiol ligands with various head groups.
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The Au-doping was effective also in the case of the simultaneous removal of nitrate ions and cadmium, by using zero-valent Fe nanoparticles. In particular, a 1% doping with gold significantly reduced the nitrite yield ratio, while maintaining an equally high Cd 2+ removal capacity. 372 In another approach, Au nanoparticles were conjugated with yttrium hydroxide fluoride nanotubes to produce nanocomposites with good SERS properties, capable to quantitatively detect and remove the Congo red dye in wastewater. 373 Moreover, a porous foam of poly(dimethylsiloxane) incorporated with Au nanoparticles was developed. The resulting nanocomposite combined the properties of each component showing a high efficiency at the absorbance/removal of organic solvents, oil spills and thioanisole from water in a recyclable manner. 374 More details on the role of gold nanoparticles to clean water from various pollutants were reviewed by Qian et al. 375 and Wang and Yu 376 while
Pradeep and Anshup wrote a comprehensive article to describe the utility of all types of suitable noble metal nanoparticles for water purification. 280 Titanium dioxide nanoparticles have been also proven efficient for the treatment of organic pollutants in water. In many instances, the enhancement of photocatalytic properties in the visible region has been achieved by metal implantation (Au), non-metal doping (N, C) and surface organic modification. 377 The combination of adsorption and TiO 2 nanoparticles-based heterogeneous photocatalysis has been employed for the degradation of 2-chlorophenol. The adsorbent used was hexadecylpyridinium chloride-treated montmorillonite. 378 The simultaneous use of montmorillonite and TiO 2 nanocomposite films also facilitated the removal of methylene blue. 379 Moreover, nanostructured glass-supported N-doped TiO 2 prepared by sol-gel synthesis was applied for the photocatalytic decolorization of methylene blue and the removal of eriochrome black-T dyes in aqueous solution. 380 In fact, azo-dyes constitute around the half amount of dyes used in the textile industry, so the effluent streams generated from textile factories should be treated for the removal of such toxic residues which would otherwise be released in the environment. In this context, Filice and colleagues published the photodegradation of the azo-dye methyl orange using graphene oxide and titania nanoparticles hybrid Nafion membranes. 381 The synergistic effects of adsorption, filtration and photocatalytic degradation were also illustrated for the decoloration of methylene blue in a prototype membrane reactor with TiO 2 nanobelts. 382 In addition, it was shown that TiO 2 -modified poly(vinyl alcohol)/poly(vinylidene fluoride) hollow fiber composite membranes exhibited higher dye separation efficiency and better thermal stability in comparison to their 'undoped' counterparts. 383 Another study was focused on the activity of sulfur-and nitrogen-doped and undoped titania nanoparticles in the presence of inorganic anions on the degradation of dyes such as Rhodamine B. 384 On the other hand, TiO 2 anatase-phase nanobelts synthesized with a hydrothermal method were found not only active against the decomposition of the dye malachite green, but also at the degradation of pharmaceutical and personal care products. 385 A mixture of 22 organic pollutants (iopamidol, iopromide, diatrizoic acid, diclofenac, triclosan etc.) was succesfully treated in both ultrapure water and wastewater by using nano-sized TiO 2 supported on single-wall carbon nanotubes. 386 Furthermore, volatile organic compounds (VOCs) as methanol, acetone and benzene were photocatalytically decomposed using N-doped TiO 2 under visible and sunlight irradiation. 387 The same group compared the photocatalytic performance of nanoscale titania synthesized by several sol-gel pathways (acid route, alcohol route, surfactant route) on the decomposition of mixed pesticides in drinking water concluding that the surfactant-route prepared anatase TiO 2 was more suitable for this application. Their studies involved glass-supported titanium dioxide for the pesticides lindane, dichlorvos and methyl parathion. 388 Doping of TiO 2 nanoparticles with Zn was used to enhance efficiency for azo dyes degradation. 389 Natural organic matter consists of the decomposition products of plant and animal residues. An example of NOM treatment is the degradation of fulvic acid by employing nano-and micro-scale TiO 2 in a submerged membrane photocatalytic reactor. In this work, acidic pH conditions favored the degradation of fulvic acid. 390 Another acid compound, formic acid, was effectively decomposed using titanium dioxide nanoparticles, as described by Abd Elrady et al. 391 Their particles were also efficient for the inactivation of coliform bacteria in water.
Pharmaceuticals and personal care products (PPCPs) are regarded as a harmful subcategory of water contaminants as their incomplete treatment during wastewater remediation has resulted in their occurrence in surface and groundwater. This may comprise a danger for potable water as many drinking water treatment plants use source water impacted by wastewater. 392 Hu et al. synthesized highly entangled titania nanowires by hydrothermal method on Ti substrates and such porous materials were effective on the degradation of pharmaceuticals such as trimethoprim and other PPCP pollutants. 393 A more recent study reported a better behavior of TiO 2 nanowires in the degradation of several pharmaceuticals compared to commercial TiO 2 nanoparticles. Besides, they also confirmed that anatase-phase TiO 2 nanowires were more effective for the majority of the pharmaceutical compounds tested, however, for a couple of them the rutile-phase TiO 2 showed a better performance. Therefore, it was concluded that the photocatalytic degradation yield varies on a PPCP and nanomaterial-specific basis. 394 In fact, the presence of pharmaceutical compounds such as antibiotics in surface water could disturb the natural elementary cycles and present a potential danger when surface waters are destined for use as sources of drinking water. 395 Another study presenting the efficient treatment of such compounds has to do with the photocatalytic decomposition of the antibiotic oxolinic acid in water in a range of catalyst concentrations and pH values. Such treatment was found fast and efficient while the residual antimicrobial activity of the by-products that remain after the photocatalytic process was limited. 396 Methylene blue was also successfully decomposed using hybrid Pd-F-doped TiO 2 nanoparticles under LED visible light. The lowering of the band gap in the hybrid material was attributed to the insertion of palladium nanoparticles, while the variation in the quantity of fluorine did not cause any important changes in the band gap values. 397 The synergistic effects of all components were also considered as responsible for the high photocatalytic performance of Pd-modified N-doped nanoscale TiO 2 for the degradation of NOM. 398 It should be mentioned that the promotion of TiO 2 nanoparticles in water treatment meets technological barriers related to their efficiency and application process design. For instance, as mentioned above the activation of their photocatalytic potential requires an external source of radiation or sunlight. Therefore, such processes should not be preferred in countries with low sunshine and close-packed configurations which reduce active illumination. 399 Another serious issue deals with the post-recovery of nanoparticles at the end of the treatment. In order to avoid the introduction of an additional separation unit, TiO 2 and other kind of nanoparticles are immobilized on glass, polymeric, ceramic and metallic substrates or supports with high specific surface area such as activated carbon, graphene oxide, silica, alumina, fibers, clays and zeolites. 27, 310, 377, 400, 401, 402, 403, 404, 405, 406, 407, 408, 409, 410, 411, 412 For example, glass substrates are supposed to provide transparency and as a result enhance the photo-oxidative efficiency of nanoparticles. 413, 414 Another advantage of immobilized TiO 2 nanoparticles is the avoidance of aggregation as well as the possibility to increase the contact with hydrophobic contaminants. Nevertheless, immobilized TiO 2 nanoparticles are usually less efficient compared to slurry reactors due to the reduction in specific surface and mass transfer rate. 415, 416, 417 Iron nanoparticles are another important category studied for their efficiency in the degradation of specific organic pollutants. 418 Nanoscale ZVI has been widely tested for the dechlorination of trichloroethylene in water or the remediation of contaminated sites. 419, 420, 421 This process was reported to leave no chlorinated intermediates. 422 The rate, mechanism and efficiency of dechlorination was further investigated in refs 423 and 424 whereas the effect of ZVI nanoparticles presence in biological degradation of trichloroethylene was also evaluated. 425 ZVI nanoparticles, pure or doped by Pd, were also tested after their immobilization on alginate beads. 426 In addition, bimetallic Fe-Pd nanoparticles were examined under batch laboratory experiments targeting to clarify the effect of sorption, surfactants and dissolved organic matter in the degradation of soil-sorbed trichloroethylene 427 or in field assessment for chlorinated aliphatic hydrocarbons. 428 The ability of bimetallic Ni/Fe nanoparticles to degrade DDT and the effect of pH in the observed efficiency was the subject of another study. 429 Similarly, other chlorinated compounds such as lindane, atrazine, alachlor, atrazine, perchlorate or chlorophenols were successfully treated by ZVI-based nanoparticles. 430, 431, 432, 433, 434 The remediation of ibuprofen, 435 the removal of AB24 dye 436 and the oxidative degradation of herbicides 437 were other reported cases of ZVI nanoparticles application. Importantly, the field performance of emulsified ZVI nanoparticles for the treatment of chlorinated volatile organic compounds and solvents was monitored providing encouraging results. 438, 439 Pesticides can be also removed by means of iron oxide nanoparticles. However, these nanomaterials were mostly tested for their ability to adsorb organic dyes and selectively detect other organic pollutants for analysis purposes. The affinity of magnetic nanoparticles consisting of iron oxides was validated in a number of cases for organochlorine or organophosphorus pesticides, 440, 441, 442 triazine herbicide 443 and bromelain. 444 and combined with carbon 452, 453 were able to adsorb a variety of representative dyes. The adsorption ability for dyes was also described for maghemite nanoparticles-based systems as well. 454, 455 Finally, a number of individual cases with various inorganic nanoparticles have been reported for the potential uptake or adsorption of organic pollutants from water. In particular, iron sulfide and ZrO 2 nanoparticles were tested for the removal of organochlorine and organophosphate pesticides, respectively. 456, 457, 458 
Fate of used nanoparticles
Engineered nanoparticles used in water technology are usually considered as consumables even if large quantities are required. Their productive lifecycle should be determined by the working period during which an affordable efficiency in terms of pollutant removal and process cost is guaranteed. Since the small size, the high reactivity, the mobility and the relative stability of inorganic nanoparticles in aqueous conditions imply the possibility of toxic effects to the environment and the living organisms, consumed nanoparticles should be properly handled while the possible effects of their leakage should be well-known. For this reason, it is important in each application to study whether regeneration, recovery and safe disposal can be achieved. In addition, regarding their loading with toxic pollutants, any leaching or degradation behavior and chemical transformation of nanoparticles in the environment should be also assessed when designing a water treatment process.
The application of adsorbents with particle units lying in the nanoscale may introduce unknown health effects to humans and other living organisms in the accidental case of release or during their disposal. During the last years many theoretical and experimental research efforts focused on the behavior of inorganic engineered nanoparticles in aqueous or soil environment and their interaction with living organisms as a source of ecotoxicity. 463, 464, 465, 466, 467 In parallel, a continuous effort to develop reproducible and standardized hazard testing methods and evaluate the human and environmental exposure to manufactured nanoparticles, is still under progress. 468 The role of particles size, shape, degree of aggregation and dissolution has been examined by introducing a combination of analytical techniques. 469, 470 The effect of environmental factors including the pH, the salinity and the presence of organic matter was also pronounced. 471 An even larger number of works discuss the cytotoxicity of nanoparticles corresponding to human exposure enhancing the knowledge for their behavior in biological entities. 472, 473 Nevertheless, the conclusions are controversial and in most cases it is unclear which characteristics are responsible for celluptake and toxicity effects. 474 In general, gold nanoparticles appear as the more stable but less toxic system when tested with algal and freshwater fish cells. 475 Depending on their coating, Au nanoparticles could be adsorbed easier in fish cells. It has been observed that TiO 2 nanoparticles provoke clastogenicity, genotoxicity, oxidative DNA damage and inflammation in vivo in mice. 476 In another study, it was demonstrated that the presence of titania nanoparticles causes an increased metabolism of pentachlorophenol in zebrafish larvae, thus inducing enhanced oxidative damage in early developing fish. 477 In this context, some recent research works have focused on the identification of the fate of nanoparticles employed for water purification. Schwab and colleagues have spiked TiO 2 , Ag and ZnO nanoparticles in five types of water (groundwater, freshwater and so on) and they noticed that although techniques such as membrane filtration resulted in high removals of nanoparticles, finished waters still contained detectable metal concentrations that may pose hazards to human health. 478 Engineered ZnO nanoparticles may act toxic after the dissolution of Zn ions and the generation of active oxygen whereas photo-induced reactions may also contribute in this process. 479 Clustering of CeO 2 around algae cells has been mentioned as another mechanism of toxicity. 480 The phytotoxicity and interactions of nanoparticles with plants during seedling is another important issue for nanoparticles sideeffects. 481, 482, 483, 484 The risk assessment after the use of zero-valent iron and iron oxide nanoparticles has been also reported in many publications concerning their phytotoxicity and seed germination. 485, 486, 487 Surface oxidation of ZVI nanoparticles is a critical parameter for both aggregation tendency and toxicity. 488 The fate of nanoparticles when released to the environment is another field of research related to their effect in several living species (Fig. 7) . Most of the approaches deal with theoretical models for the transport and the transformations of nanoparticles. 489, 490 Gold nanoparticles were found to strongly interact with natural organic matter which causes their rapid aggregation especially under high ionic strengths. 491 However, the coating of nanoparticles is responsible for the stability and removal from aquatic systems as concluded for nanoscale Ag. 492 Loading of ZVI nanoparticles with As or Cr after water treatment was found to enhance aggregation tendency. 493 Modelling of the environmental fate of TiO 2 nanoparticles in Rhine River suggests that a significant downstream transport of nanoparticles is possible with the role of suspended particulate matter being the major one in their heteroaggregation procedure. 494 Importantly, the release of engineered nanoparticles in wastewaters could provide the proper substrate for their transformation to less toxic products. 495 For instance, the sulfidation of Ag nanoparticles which is a common process in wastewater provides an insoluble and non-toxic form of silver. 496, 497 Fig. 7 Schematic representation of sources and flow of nanomaterials in the environment, and the key processes determining the fate and behavior of nanomaterials in the aquatic environments. 489 The non-predictable behavior of nanoparticles in the environment initiates the demand for an integrated strategy for the potential risk management. 498 A limited number of conventional, membrane and sorption technologies have been reported for the removal of engineering nanomaterials during water treatment. 27 However, the best way to reduce potential environmental effects of nanoparticles disposal is to minimize the quantities of solids used in water treatment. It is self-evident that obtaining nanoparticles optimized and specialized in the targeted process should be the primary approach to fulfill this requirement. However, the complete or even partial regeneration of nanoparticles back to their initial state enabling their multiple reuse is a critical matter able to define the validity of the whole process. The possibility for nanoparticles recycling depends on many parameters. Among them, the mechanism of pollutant's removal (adsorption, precipitation, degradation, photocatalysis) is the most important. For instance, when nanoparticles surface is gradually covered by adsorbed molecules and ions or precipitates, a regeneration process using proper chemical reagents (e.g. NaOH) should be carried. In this case, a secondary problem which has to be addressed is the treatment of the regeneration reagent which contains a concentrated quantity of the pollutant. 499 When nanoparticles act as reaction catalysts, the periodical mild refreshment of surface properties is sufficient to maintain a high process yield. There are also processes where nanoparticles do not reach saturation in pollutant's loading after their usage cycle. Such systems should be designed to allow their recovery and continuous recirculation in the treatment site until saturation occurs.
Recovery of spent nanoparticles is another essential step when studying nanoparticles application in water technology. The motivation for this procedure is to ensure the absence of nanoscale solids not only in the purified water supplied to the consumers but also to the waste streams of the treatment process. Many times, the collection of dispersed nanoparticles is a very difficult task as a consequence of their small dimensions. In addition, in order to ensure their complete separation from treated water an expensive filtration step of nanofiltration should be included. 500 A rather more 'conventional' approach for the removal of Nanoparticles from water is the coagulation process: nanoparticles can be enmeshed by the coagulate floc as it sediments out of the water. Coagulating agents can influence the stability of nanoparticles through the production of charged hydrolytic species that neutralize surface charges on nanoparticles. This procedure generates large nanoparticle aggregates due to the mitigation of electrostatic repulsion. 478 The role of coagulant type, dose and TiO 2 nanoparticles concentration was investigated upon the removal of such nanoparticles during primary water treatment. 501 On the other hand, the aggregation behavior of ZnO and TiO 2 nanoparticles in wastewater and their adverse impact on the oxygen uptake of activated sludge after an exposure time of a few hours was studied. 502 A more sophisticated approach to overcome this issue is the incorporation of nanoparticles with magnetic response to external fields. 127 For this reason, ZVI and iron oxide nanoparticles are preferred to be used individually or as substrates for other active phases. Magnetic separation of nanoparticles from aqueous dispersions using high-gradient fields is a widely examined subject providing many possibilities of process design. 102, 503, 504, 505 However, recovery is not the last concern of nanoparticles application. Saturated nanoparticles from water treatment are a highly toxic solid waste that needs to be safely disposed against future leakage of pollutants. 493 Failure to cover this part implies to a dramatic increase of the whole procedure's cost since a specialized treatment of the spent nanoparticles will have to be followed. For this reason, it is critical to investigate the leaching behavior of captured pollutants following the experimental protocols that characterize solid wastes as inert, non-hazardous or toxic according to the the standard test EN 12457 506 or the U.S. Toxicity Characteristic Leaching Procedure (TCLP). 507 Research on the behavior of ZnO, TiO 2 and Ag nanoparticles indicated that their effect in the biological landfill processes is insignificant while the leachate of metal ions is primary associated with other components. 508 When the strength of pollutants adsorption is enhanced, nanoparticles appear very stable against leaching even under intense conditions similar to that of a landfill.
After that, saturated nanoparticles may be considered and handled as an inert waste. In the opposite case, other solutions for the inertization should be developed. An example is their application as additives in building materials, ceramics or their vitrification.
Technological evaluation
An overview of the reported research efforts dealing with the design and development of engineered nanoparticles for water treatment indicates the absence of a generalized approach for the evaluation of their efficiency. Furthermore, there are important issues related to the inappropriate methodology followed to validate their potential for drinking water purification. In general, a number of important testing conditions and quality indices should be established to allow the classification of nanoparticles properties among competitive treatment methods.
As already mentioned, drinking water purification faces much lower initial pollutant concentrations compared to wastewater treatment but also demands proportionally lower or even zero residual concentrations. For this reason, the examination of nanoparticles efficiency should be carried in the concentration range defined by the common natural water levels of the pollutant and the regulation limits for drinking water. For instance, studies for arsenic removal from drinking water should be focused on concentrations not higher than around 100 μg/L whereas residual concentrations below the maximum contaminant level of 10 μg/L should be considered after treatment. In addition, proper investigation of the corresponding kinetic rates and the presence of residual solid or toxic byproducts determines the dimensions of a treatment unit and the demand for posttreatment stages.
Another important condition to obtain reliable results during laboratory experiments is the adjustment of treatment conditions very close to those met in natural water sources. The pH value of water during the treatment by nanoparticles appears as the most critical parameter which significantly determines the efficiency of the process. It is very common in laboratory research to perform experiments for pollutants removal at relatively acidic pH values (below 5) where observed efficiencies are maximized. However, working at pH values out of the range 6-8 is not a compatible approach for drinking water treatment technology. In particular, significant variations of pH from its initial values may affect the physicochemical characteristics of natural water and introduce the need for an extra treatment step with chemical additives to recover drinkability for human. On the same aspect, the coexistence of common constituents of natural water may interfere with nanoparticles performance. Depending on the form of pollutants and the mechanism of their removal by nanoparticles, some of these anions (HCO 3 -, Cl -, SO 4 2-, SiO 2 -, PO 4 3-) and cations (Ca 2+ , Mg 2+ , Na + ) act as competitors or inhibitors of the process. In some reports, the interfering of common ions is discussed individually for each of them. However, their collective influence specifically at the concentrations usually found in natural water is rarely reported. Using natural-like water instead of distilled has been found to decrease pollutants removal efficiency by more than 50 %. 127 Therefore a study on nanoparticles performance should also include this information in order to provide an integrated view of their potential qualification for technological applications.
Apart from the described inconsistencies among research studies of nanoparticles consideration in water treatment, an obvious objection in the development of reported results is the absence of universal and absolute indices for the evaluation and comparison of treatment efficiency. The usual procedure, especially in heavy metals treatment, is to provide adsorption or removal isotherms after batch tests as a proof for the ability of nanoparticles to decrease pollutants concentration. Such diagrams indicate the removal capacity (Q) of the nanomaterial in terms of quantity of pollutant removed per quantity of nanoparticles added. However, authors usually point on the maximum Q value, which refers to extremely high residual concentrations, as a criterion of sufficient treatment. In some other cases, the percentage of removal (residual-to-initial concentration ratio) is used to support high efficiency potential. Again, this kind of evaluation often refers to high residual concentrations from the point of drinking water demands but the quantity of added nanoparticles is not considered at all. For instance, decreasing an initial pollutant concentration from 10 mg/L to 0.5 mg/L corresponds to a 95 % removal but still the residual concentration is many times above the common contaminant levels for drinking water (Fig.  8, curve C) . On the contrary, a reduction of an initial pollutant concentration of 40 μg/L by 70 % could be acceptable. A better way to monitor nanoparticles efficiency is by the removal capacity which corresponds to the residual concentration equal to the regulation limit of each pollutant, which is actually the target value in water treatment. This index (Q RL ) is derived after the projection of the regulation level to the adsorption or removal isotherm. Under common experimental conditions, the Q RL index may directly provide an estimation of the expected efficiency of nanoparticles according to the demands of the designed process (Fig. 8, curves A,B) . However, other experimental approaches can predict nanoparticles performance more accurately than batch removal tests. Depending on the application type, the design and study of a continuous flow system for pollutant removal by dispersing nanoparticles or rapid-scale column tests when using granulated nanomaterials have been reported in this direction. 127, 193 This aspect is a challenge for future studies since there is not enough 'knowhow' available on the design of water purification units based on nanoparticles. Considering that the main forms in which nanoparticles are employed in such processes are (i) water dispersed (slurry), (ii) immobilized on supports and (iii) granulated aggregates, a general scheme of the treatment process should be the following: In large water treatment facilities, the nanoparticles unit should be located after the primary treatment processes and just before the disinfection stage. This ensures a relatively good quality of water in the inflow of the pollutant-specific treatment by nanoparticles. A stage for the recovery or the separation of escaped nanoparticles should be also included (nanofilter, magnetic separator). In pointof-use and point-of-entry home solutions, nanoparticles should be preferably used in compact forms (grains, immobilized) as a part of filtration properly sequenced by other treatment stages so as to minimize possible interferences.
At the end, the evaluation of nanoparticles under realistic conditions is not the ultimate criterion for nanoparticles incorporation in drinking water technology. As explained, the ratio of efficiency per nanoparticles cost determines the competitiveness to other existing technologies and the possibility for commercial promotion. But still there are secondary constraints able to reject nanoparticles use in water treatment. The most important is their compliance to environmental limitations of disposal after effective lifecycle. According to these, the saturated nanoparticles should overcome successively leaching tests for solid wastes. Taking also in account their small dimensions, their safe recovery and handling should be essential information given during their study.
Summary
The summary of reported studies related with the application of inorganic engineered nanoparticles in water treatment indicates also the increasing interest for their development as novel products with improved performance in drinking water purification processes. Overall most of them report fundamental approaches without getting deeper in potential practical applications while some other report practical aspects without focusing on process development and only few study both sides. Depending on the properties provided by each class of nanoscale materials, research is mainly focused on their optimization as adsorbents for heavy metals, disinfectants against microorganisms or catalysts for the degradation of organic pollutants. As widely stated, the efficiency of nanoparticles in water technology is proportional to their specific area and the reactivity of their surface, i.e. the characteristics that differentiate them from materials with conventional dimensions. Therefore, one of the critical tasks in the design of engineered nanoparticles and incorporation in the technological field is to ensure stability against aggregation and chemical transformations during storing, handling and use. However, high efficiency is only one of the requirements being able to validate the competitiveness of nanoparticles in the market. Considering the strict legislation which regulates drinking water processes for the protection of human health and environment, a parallel examination of the side-effects of nanoparticles application should be successfully carried out. This corresponds to the accomplishment of a risk assessment with respect to consumer's use manner, safe disposal and potential effects in their release to the environment towards the benefits of using qualified nanoparticles in water treatment. Following the first encouraging results of nanoparticles use in a variety of water treatment applications, future research efforts should be better oriented in the evaluation of engineered nanoparticles under more reliable conditions of field application to assist their potential commercialization in large scale.
